Host organisms have developed sophisticated antiviral responses in order to defeat emerging influenza A viruses (IAV). At the same time IAV have evolved immune evasion strategies. The immune system of mammals provides several lines of defense to neutralize invading pathogens or limit their replication. Here, we summarize the mammalian innate and adaptive immune mechanisms involved in host defense against viral infection and review strategies by which IAV avoid, circumvent or subvert these mechanisms. We highlight well-characterized, as well as recently described features of this intriguing virus-host molecular battle.
Introduction
Influenza A viruses (IAV) belong to the family Orthomyxoviridae (reviewed in (Palese, 2007) ). They are sub-typed according to the surface antigens hemagglutinin (HA or H) and neuraminidase (NA or N) . So far 16 subtypes of HA and nine types of NA have been described in birds, where the majority of the IAV strains are found. IAV are characterized by a segmented RNA genome, organized into eight ribonucleoprotein (RNP) units per virion, that encodes for up to eleven proteins. In mammals, IAV primarily infect lung epithelial cells of the upper and lower respiratory tract.
Innate immune sensors and antiviral signaling
The innate immune system is the first and oldest line of defense against invading pathogens. It recognizes pathogen associated molecular patterns (PAMP), as well as endogenous danger signals (e.g. microbial nucleic acids or components, bacterial cell walls, extracellular ATP), by different families of germ line encoded pattern recognition receptors (PRR) and creates a fast and broadly reactive response that changes the infected tissue into an alerted state. Possible consequences of this alerted state are: secretion of cytokines (among them type I and type III interferons (IFNs)) to upregulate anti microbial gene products in neighboring cells; secretion of chemokines to attract and activate cytotoxic effector cells as well as antigen presenting cells (APC); and apoptosis of infected cells. Consequently the subsequent adaptive immune response is shaped by the quality of the initial innate response. Several families of PRRs have been described (Mogensen, 2009) 
, among them: Toll-like receptors (TLR), nucleotide oligomerization domain (NOD)-like receptors (NLR) and retinoic acic induced gene I (RIG-I)-like receptors (RLR).
The TLR pathway-The best-characterized family of PRRs is the toll like receptor (TLR) family (reviewed in (Akira et al., 2001 , Iwasaki et al., 2004 ). TLRs can be expressed either on the cell surface at the plasma membrane (TLR 1, 2, 4, 5, 6, 10 and 11) or on the inside of endosomes (TLR3, 7, 8 and 9) and can bind to a variety of viral and bacterial molecular patterns. Surface expressed TLRs recognize surface structures of microbes, while endosomal TLRs bind to microbe associated nucleic acids. For influenza virus infection TLR3 (recognizes double stranded RNA species) (Le Goffic et al., 2006) and TLR7/8 (recognizes single stranded RNA species) have been described to be involved in the recognition of viral RNA species (Diebold et al., 2004 , Lund et al., 2004 . Activation of TLR3 ultimately leads to the activation of the transcription factors IFN regulatory factor (IRF) 3, activator protein 1 (AP1) and p50/p65 (NFκB) (Kawai et al., 2007) . These factors form the IFNβ enhanceosome and initiate transcription of IFNβ (Kim et al., 1997) . In addition, NFκB and AP1 are also involved in stimulating expression of pro-inflammatory cytokines.
TLR deficient mice show enhanced mortality, accompanied by a reduced inflammatory response upon influenza A virus infection (Le Goffic et al., 2007) . In consequence these mice also showed a profound decrease in the adaptive response to virus infection. A case report from 2006 correlated severe symptoms during IAV infection in humans with TLR3 dependent production of IFNβ and proinflammatory cytokines and chemokines. The investigators found a TLR3 miss-sense mutation, leading to a loss of function, in one patient with IAV associated encephalopathy (Hidaka et al., 2006) . IAV infection in vivo results in robust expression of type I IFN, mainly produced by plasmacytoid dendritic cells (pDC). In contrast to myeloid DCs or fibroblasts, which predominantly recognize IAV infection via retinoic acid gene I (RIG-I), pDCs recognize IAV RNA via TLR7 and PKR (Barchet et al., 2005 , Diebold et al., 2004 . TLR7 signaling initiates activation of AP1, NFκB and IRF7. IRF7 is expressed in response to type-I IFN signaling and can bind to type I IFN promoters. Interestingly, no direct viral mechanism antagonizing TLR signaling has been described for IAV so far. However, a recent study demonstrated that PBMCs isolated from patients with severe IAV infection respond less to stimulation with TLR ligands compared to PBMCs from patients with mild or asymptomatic influenza. The underlying mechanism is not understood (Heltzer et al., 2009 ).
The NLR pathway-NLR signaling has been extensively studied in the context of bacterial infection (review by (Franchi et al., 2009) . Recently three independent studies demonstrated an involvement of inflammasome signaling in influenza A virus immunity. Ichinohe and colleagues used mice deficient in expression of inflammasome components such as ASC or caspase-1 to investigate the importance of this signaling pathway for the CD4 and CD8 response, as well as IgA and IgG production against IAV, using low dose viral infection (Ichinohe et al., 2009) . The authors conclude an essential role of inflammasome signaling for a protective adaptive response against IAV. Interestingly, they did not see these effects in NLRP3 deficient mice. In contrast, two studies demonstrated that NLRP3−/−mice show defects in innate immunity against influenza A virus infection, while having no effect on the adaptive immune response (Allen et al., 2009 , Thomas et al., 2009 . Despite these contradictions, the importance of the NLR pro-inflammatory response is undisputable. IAV infection in IL-1β or IL-18 deficient mice results in higher mortality and morbidity (Kozak et al., 1995) (Liu et al., 2004) and IL-1R−/− mice show a reduced inflammatory response, impaired neutrophil infiltration to the lung, deficiencies in CD4+ Tcell activation and recruitment as well as a decreased IgM response against IAV infection (Schmitz et al., 2005) . Interestingly, mutant IAV with deletions in the NS1 provoke enhanced induction of caspase-1 activity upon infection of macrophages and accordingly enhanced induction of IL-1β and IL18 levels (Stasakova et al., 2005) implicating an antagonizing function of NS1.
The RLR pathway-In recent years a multitude of studies have broadened our understanding of RLR activation and signaling. RIG-I and the melanoma differentiation associated protein (Mda) 5 are the best-characterized members of this PRR family (reviewed in (Yoneyama et al., 2009) ). RIG-I is believed to be activated by cytoplasmic single strand 5′-triphosphate RNA (Hornung et al., 2006) , while Mda-5 preferentially binds long dsRNA species. In case of influenza virus replication, accumulating viral genomic 5-triphosphate (−) RNA is recognized by the cytosolic helicase RIG-I but not Mda5. Rehwinkel and colleagues recently demonstrated that neither non-genomic viral transcripts nor short replication intermediates act as a RIG-I agonist under physiological conditions. Moreover they exclude cleaved self-RNAs to have RIG-activating function, as proposed earlier (Rehwinkel et al., 2010) . It is presently unclear if RIG-I binds vRNA in intact RNPs, in which the RNA is in a complex with NP molecules, or if free or partially complexed vRNA occurs as a byproduct of viral replication and is recognized as a PAMP. In its inactive conformation the repressor domain (RD) of RIG-I is in close proximity to the two caspaserecruitment domains (CARD). Upon binding of the RD to viral RNA the conformation opens up and RIG-I interacts with the mitochondrial antiviral signaling protein MAVS via CARD-CARD interactions. MAVS subsequently activates IRF3 as well as IRF7 and NFκB. The activated transcription factors initiate the expression of type I IFN and inflammatory cytokines.
Type I IFN signaling-Upon secretion type I IFN can act in an autocrine or paracrine fashion, by binding to the type I IFN receptor IFNAR on the infected cell or neighboring cells, respectively . IFNAR signaling activates transcription from IFN sensitive regulatory element (ISRE) containing promoters. By definition these genes are called IFN-stimulated genes (ISG). In recent years several hundred ISGs have been identified. Interestingly, most gene products involved in type I IFN expression are ISGs, among them RIG-I, Mda5, IRF7, TLR3/7, as well as STAT1, implicating positive feedback mechanisms in the antiviral response. ISGs are involved in a variety of cellular processes, among them regulation of host cell transcription/translation, attraction of immune cells, regulation of apoptosis or recognition of PAMPs. The expression of ISGs converts the infected cell, as well as neighboring cells into an alerted, antimicrobial state, that limits microbial replication and prevents spread of the invaded pathogen.
For some ISGs a direct antiviral function has been described. The myxovirus resistance gene A (MxA) protein was shown to bind to cytoplasmic RNPs of orthomyxoviruses and block nuclear import. Expression of Mx1 (the mouse homolog of human MxA) is a major determinant of the antiviral response against IAV. Interestingly not all IAV isolates respond equally to the inhibitory effects of MxA, implying viral escape mechanisms/mutations to the effects of this ISG (Dittmann et al., 2008) .
IAV infection also leads to up-regulation of negative host regulators of the type I IFN response. Recently, IAV induced SOCS3 dependent limitation of STAT1 signaling was proposed (Pauli et al., 2008) (Fig. 1C) . It is, however unclear, if this mechanism is actively induced by the virus or whether regular feedback signaling events of the host cell act to selflimit possible harmful effects caused by an exuberant antiviral response.
Antagonism of the innate immune response by IAV-IAV antagonize the innate host response of infected cells mainly by expression of the non-structural protein 1 (NS1). This multifunctional virulence factors efficiently limits expression of type I IFN at different levels (reviewed in (Hale et al., 2008) ). IAV with large deletions in the NS1 segment are potent inducers of type I IFN and show massively reduced morbidity and mortality in animal models, compared to wild type viruses.
NS1 was shown to interfere with RIG-I dependent activation of IRF3 and NFκB signaling by forming a complex with RIG-I and potentially viral RNA. Additionally NS-1 interferes with TRIM-25 oligomerization, thus blocking TRIM25 mediated ubiquitinylation of the RIG-I CARD, which is a required modification for RIG-I signaling (Gack et al., 2009) (Fig.  1A) .
The NS1 of most (but not all) IAV isolates can also block host gene expression by interfering with the 3′-polyadenylation of newly synthesized host pre-mRNAs. This occurs through interaction of NS1 with the cleavage and polyadenylation specific factor (CPSF) 30 (Fig. 1B) (Nemeroff et al., 1998) . Host gene expression is also limited by IAV polymerase mediated 5′-m7G-cap snatching of newly synthesized mRNAs. IAV uses these host derived 5′-m7G-capped oligonucleotides to prime the synthesis of viral mRNA. Binding of the polymerase complex to 5′-m7G-caps of host mRNAs is mediated by the PB2 subunit, while PA harbors the necessary endonuclease function to cleave the mRNA 10-13 nucleotides downstream of the 5′-m7G-cap (Fig. 1B) (Dias et al., 2009) . Early studies revealed that IAV infection reduces the transcription of transfected plasmid DNA by 80% already 1h after infection (Katze et al., 1984) . Since both mechanisms, interference with CPSF30 and 5′-m7G-cap-snatching, exclusively affects newly synthesized mRNA it has a major impact on those gene products that have a high turnover rate of mRNA or are induced by viral infection, like type I IFN and pro-inflammatory cytokines and chemokines.
Additionally NS1 was shown to directly interfere with the function of different ISGs. Different studies demonstrate a direct inhibitory effect of NS1 on the function of the double stranded RNA activated protein kinase (PKR) and the 2-5-oligoadenylate synthetase (OAS) (Hale et al., 2008) (Fig. 1D) . Interestingly, not all IAV strains contain all the described functions in their NS1 protein albeit replicating well in immune competent hosts. This indicates host (presumably species) specific requirement for these functions.
The innate-adaptive immune response interphase
The quality of the initial innate response against IAV has profound consequences for the following adaptive response. Triggering the adaptive immune response against IAV requires professional antigen presentating cells (APC) like DCs. Depletion of lung resident DCs was shown to result in reduced recruitment of pDCs (areviewed in (McGill et al., 2009a) ), which are the main producers of type I IFN, and CD8+ cells upon IAV infection.
Residential alveolar macrophages and dendritic cells are among the first cells activated by influenza A virus infection. Depending on the virus strain a significant proportion of infected cells are alveolar macrophages (Nicholls et al., 2007) . Upon infection with IAV alveolar macrophages produce significant amounts of inflammatory cytokines like IL-6 and TNFα, and become highly phagocytic. Additionally, infected lung epithelial cells secrete high levels of monocyte chemoattractant protein 1 (MCP-1), recruiting monocytes, which can differentiate into monocyte derived DCs and inflammatory macrophages (Herold et al., 2006) . Upon activation, DCs undergo maturation and migrate to the draining lymph nodes of the lung where they present peptide antigens to IAV specific naïve T-cells. This results in proliferation and differentiation of these T-cells into effector cells. As shown for other cell types, NS1 limits the production of type I IFN as well as that of cytokines and chemokines upon IAV infection (Fernandez-Sesma et al., 2006 , Haye et al., 2009 ).
Moreover IAV is capable of interfering with the maturation of DCs. Infected DCs show reduced upregulation of MHC class II and costimulatory receptors like CD80 and CD86, essential for T-cell priming. Young and colleagues demonstrated that infection of mature DCs by influenza virus interferes with the presentation of an endogenous viral antigen and can thus impact the adaptive immune response (Young et al., 2007) .
Up to 48h post infection no significant host response is detectable in mice infected with influenza A/PR/8/34, despite a profound virus load in the lung of infected animals after 24h (Moltedo et al., 2009) . In this postulated "stealth phase" of infection, the host is unable to prime the adaptive immune response, by induction of a robust innate and inflammatory response. The efficient inhibition of the innate antiviral host response by NS1 in directly infected APC could contribute to this delayed response. IAV infection was shown to delay the induction of antibodies against an unrelated antigen, as long as this is given within 48h post infection (Brimnes et al., 2003) .
In summary, IAV are capable of limiting and delaying the innate host response, mainly by expression of NS1, which inhibits the cascade of events leading to a robust innate response by reducing the initial production of type I IFN. Probably, this opens a window for replication and spreading of the virus to other hosts and also has profound consequences on the priming and the quality of the adaptive response.
Adaptive immune response to IAV infection
The humoral or antibody based response against IAV is essential to prevent infection of the host. In contrast the cellular response is important for viral clearance in late stages of infection.
IAV are antigenically highly variable. Two major mechanisms determine this antigenic variability of IAV, antigenic drift and antigenic shift (Fig. 2) . The error prone RNAdependent RNA-polymerase facilitates the generation of escape-mutants against neutralizing antibodies (antigenic drift), the CTL response or antiviral drugs. Moreover it allows the establishment of mutant viruses that can pass species barriers, by overcoming certain host specific restriction factors.
Antigenic shift occurs by re-assortment of viral gene segments of two different virus strains during double infection of one host cell. This leads to a change of viral surface protein composition and can lead to the generation of pandemic IAV strains. The sudden introduction of completely new antigenic features can allow these viruses to spread rapidly in a naïve population, without preexisting immunity to former related isolates.
Humoral response-The humoral response against IAV has been extensively studied (reviewed in (Gerhard, 2001 , Martinez et al., 2009 ). Using B cell deficient μMT mice several studies could show the essential impact of the antibody response to lethal doses of IAV. In concordance with this, passive transfer of influenza HA specific antibodies to severe combined immunodeficiency (SCID) mice protects these animals from a lethal IAV challenge. Neutralizing antibodies are mainly directed against the viral exposed surface proteins HA (and to a lesser extend to NA) or to the membrane embedded ion channel M2 (Nayak et al., 2009) . Systematic analysis of H1 and H3 neutralizing antibody binding sites has led to the establishment of antigenic maps, showing the distribution of antigenic sites on the HA surface (reviewed in (Martinez et al., 2009) ). Antibody mediated immunity can last for several months up to a lifetime. Survivors of the Spanish influenza in 1918/19 had a population of HA specific B cells in their blood almost 90 years after the last exposure.
The RNA dependent RNA polymerase of IAV has a calculated error rate of approximately 10 −5 (Parvin et al., 1986) . The resulting high genetic variability of the virus is the main reason for annual updates of the seasonal vaccine due to antigenic drift and the establishment of resistant viral strains as described for M2 blockers and neuraminidase inhibitors.
Antigenic drift is mostly driven by the selective pressure of neutralizing antibodies, predominantly against the IAV HA. In the years from 1968 to 1999 antigenic drift caused an accumulated rate of amino acid substitutions per year of 3.5 in the HA of H3 viruses derived from the 1968 Hong Kong pandemic (Bean et al., 1992) . A recent sequence analysis of several hundred HA sequences of human H1N1 from 1918 to 2008 confirmed positive host selection pressure on the evolution of HA and also highlighted the evolutionary trends on mutations in the HA 1 residues 190 and 225, both involved in receptor binding (Shen et al., 2009) . While epidemic H1N1 favor changes in residue 190, 1918 and swine HAs favor position 225, suggesting interplay of antigenic adaptation and receptor binding in HA evolution. In agreement with this, it was suggested that HA receptor avidity is a major determinant driving antigenic drift in IAV infection (Hensley et al., 2009) . Besides changes in the amino acid sequence, posttranscriptional modifications, mainly N-glycosylation, change the structure, charge and accessibility, as well as the function of viral surface proteins. Many human pathogenic viruses, among them IAV, HIV and West Nile virus, use N-glycosylation to evade the human immune system (Vigerust et al., 2007) . Both IAV HA and NA are glycosylated. These posttranslational modifications are important for receptor binding, viral infectivity, and virus release. The degree of glycosylation of HA varies from isolate to isolate, ranging from five to eleven glycosylations. Interestingly, the degree of glycosylation in H3N2 isolates has increased over the last 30 years, implicating a selective pressure that favors higher glycosylated forms. It is believed that glycosylation of the globular head region shields potential neutralizing epitopes from antibody recognition. Recently, Wang and colleagues demonstrated that antibodies raised against IAV HA-derived antigens with a reduced number of structurally nonessential glycans showed enhanced neutralizing capacity compared to those raised against fully glycosylated antigens . On the other hand, addition of glycosylation sites in close proximity to the protease cleavage site or the receptor-binding site can reduce viral pathogenicity. Overall the glycosylation of viral surface proteins needs to be balanced, to allow proper folding and function, as well as proper shielding against host antibodies.
Cytotoxic T-cell response-The virus specific cytotoxic T-cell response is essential to eliminate virus-infected cells, which present virus derived peptides by MHC class I molecules. Consequently, mice lacking CD8+ T cells show delayed virus clearance (Bender et al., 1992) . Upon primary infection of B6 mice the peak of predominant CD8+ T cells and viral clearance occur on day ten post inoculation. Memory T cell pools were shown to be stable for at least 500 days (Kedzierska et al., 2006) . Priming of a CD8+ T cell response against IAV infection requires the interaction of CD8+ T cells with professional antigen presenting DCs (McGill et al., 2009a , McGill et al., 2009b .
CTL epitopes of IAV were extensively characterized in different mouse models (reviewed in (Stambas et al., 2008) ). In general the predominance of certain CTL epitopes is broader in humans due to the variation of HLA haplotypes. The predominance of certain CTL epitopes depends on host factors (e.g. HLA haplotype, availability of CTLs, efficiency of antigen processing and presentation by APC) as well as on viral factors (affinity of viral peptides to the present MHC class I, abundance of the antigen) (Yewdell et al., 1999) . Escape mutations in CTL epitopes seem to occur less often than in epitopes of neutralizing antibodies and can either lead to loss of presentation by a certain HLA haplotype, by amino acid substitutions in the anchor residue of the presented peptide, or a decrease in the avidity to the T cell antigen receptor (TCR), by mutations in the interacting residues.
For H3N2 viruses, isolated over a period of ten years, variations in nucleoprotein derived CTL epitopes were described recently (Rimmelzwaan et al., 2009) . Amino acid substitutions in the anchor residue resulted in a loss of binding to the respective MHC class I molecule. The selective advantage of these mutant viruses led to replacement of the ancestor strain within one season. Interestingly, the escape mutant viruses had to compensate the acquired resistance by co-mutations to reestablish viral fitness, implicating functional constraints associated with the escape mutation. Moreover, mutations in the TCR interface occurred that changed the avidity of specific CD8+ T for these epitopes. Interestingly, IAV CTLs can also be highly conserved as shown for the immunodominant M1 58-66 presented by HLA-A*0201, a HLA allele found in more than 50% of the human population. Mutational analysis by reverse genetics revealed that this epitope is under highly functional constraints.
In summary, high genetic variability of IAV, due to its error prone replication machinery, allows the virus to adapt fast to selective pressure by the host immune response, but also by antiviral drugs. However this variability underlies functional constraints, which can limit the establishment or require additional balancing mutations.
Concluding Remarks and Future Perspectives
During host-virus co-evolution IAV have developed remarkable strategies to avoid the host immune response. In infected cells, the virus mainly limits initial steps of PAMP detection by expression of NS1 and shutting down the host gene expression. Additionally the high genetic variability allows escape from preexisting immunity against other IAV strains. It has to be pointed out that functional constrains limit the extent of mutations that are tolerated without affecting the viral replication. These viruses can have pandemic potential due to a lack of preexisting immunity in the host population.
